Abstract Fragile X syndrome (FXS) is a common genetic disorder in which temporal processing may be impaired. To our knowledge however, no studies have examined the neural basis of temporal discrimination in individuals with FXS using functional magnetic resonance imaging (fMRI). Ten girls with fragile X syndrome and ten developmental age-matched typically developing controls performed an auditory temporal discrimination task in a 3T scanner. Girls with FXS showed significantly greater brain activation in a left-lateralized network, comprising left medial frontal gyrus, left superior and middle temporal gyrus, left cerebellum, and left brainstem (pons), when compared to a developmental age-matched typically developing group of subjects who had similar in-scanner task performance. There were no regions that showed significantly greater brain activation in the control group compared to individuals with FXS. These data indicate that networks of brain regions involved in auditory temporal processing may be dysfunctional in FXS. In particular, it is possible that girls with FXS employ left hemispheric resources to overcompensate for relative right hemispheric dysfunction.
Introduction
Fragile X Syndrome (FXS) is the most common cause of inherited mental retardation, affecting up to one in 4,000 individuals in the general population [5] . FXS most commonly occurs in association with an expansion of a CGG trinucleotide sequence within the FMR1 gene located at band 27.3q of the X chromosome [35] . This expansion generally leads to hypermethylation of the gene, resulting in reduced production of FMR1 protein (FMRP). FMRP is thought to be involved in regulating mRNA expression by either stimulating or inhibiting protein translation at the molecular level [34] . The deficiency of FMRP observed in FXS leads to abnormalities in both brain development and function, primarily thought to be related to aberrant development and plasticity of synapses [10] .
Reduced levels of FMRP are a risk factor for behavioral and cognitive deficits that encompass the areas of memory and learning, information and sensory processing, and social and emotional conduct [11, 23, 27, 28, 30] . Previous research has also indicated that individuals with FXS possess characteristic structural abnormalities in specific brain regions including increased volume of the caudate nucleus [6, 15] . Other brain regions show reduction in size in comparison to control subjects, including the cerebellar vermis and the superior temporal gyrus [22, 29] , key brain regions involved in motor control and auditory processing [17] .
Several lines of data suggest that abnormal processing or modulation of sensory (particularly auditory) stimuli and motor output may contribute to neurocognitive dysfunction in FXS. For example, children with FXS often show hyperresponsivity to auditory stimuli [21] , have a fast and fluctuating rate of speech [12] , and demonstrate hyperactive and stereotyped motor behavior [11] . Recent studies of the FMR1 knockout mouse suggests that they have abnormal sensitivity to auditory stimuli [4, 25] and also show deficits of cerebellar learning that depend on precise timing (cerebellar-mediated classical eye-blink conditioning; [18] ).
A fundamental component of sensorimotor function is the correct perception and organization of the temporal characteristics of sensory stimuli and motor output. Accordingly, abnormalities in timing perception could contribute to a broad array of cognitive, language and motor deficits in FXS [3, 33] . In a recent study employing magneto-encephalography (MEG), Rojas and colleagues [31] found that in patients with FXS, the amplitude for the N100m auditory evoked field was significantly greater than that of controls, suggesting that more neurons are activated by auditory stimuli in FXS. Activation was also found to be significantly less right-lateralized than in control patients, suggesting that neural networks involved in responding to auditory stimulation may be dysfunctional in individuals with FXS.
Temporal processing has been studied in healthy controls using functional magnetic resonance imaging (fMRI) by examining brain activation in response to auditory stimuli [16, 24, 26] . In the study conducted by Rao and colleagues, for example, four consecutive tones (organized into two pairs) were presented in sequence and subjects were asked to discriminate whether the interval between the second tone pair was shorter or longer than the first tone pair. Activations specific to the timing task included regions in the basal ganglia, cerebellum, thalamus, right inferior and superior parietal cortex, bilateral premotor cortex, and right dorsolateral prefrontal cortex. A right hemispheric bias was observed for this temporal processing, especially in the parietal cortex. Interestingly, a pitch discrimination task performed by the participants using similar stimuli activated a strongly left-lateralized set of regions in the frontal (dorsolateral prefrontal cortex, anterior cingulate cortex) and parietal (inferior and superior parietal) cortex.
In the current imaging study, we employed fMRI to investigate auditory temporal processing in FXS using an fMRI paradigm similar to that employed by Rao et al. Specifically, we compared brain activation in individuals with FXS to a developmental age-matched group of individuals without FXS while subjects were performing an auditory temporal discrimination task. Through this analysis, we wanted to gain an increased understanding of the neural processes underlying auditory processing in FXS. This study is of particular interest to understanding the pathogenesis of neurobehavioral abnormalities in FXS, as the regions that Rao and colleagues implicate in different components of timing perception in healthy controls include key areas that have been reported to be morphologically and/or functionally aberrant in individuals with FXS: the cerebellum, caudate nucleus, prefrontal cortex and parietal cortex [15, 20] .
Method

Subjects
Ten female subjects diagnosed with FXS (mean age= 18.7 years, SD=3.81 years) and ten female developmental age-matched typically developing (TD) controls with no known history of neurological or psychiatric disorder also participated in the study (mean age=14.7 years, SD= 2.95 years). The subjects with FXS were participating in a longitudinal study investigating the development of cognition, behavior and brain function in adolescents and young adults with FXS. Two of the girls with FXS were taking antidepressant and stimulant medication and two were taking antidepressant medication only. TD subjects were recruited from the local area and were selected so that their developmental ages matched the subjects with FXS. None of the TD subjects were taking medications. All subjects were right-handed. [36] was 52.3% (range=22.5% to 81.0%). Parents of all children under 18 years consented for their child to participate, and children assented if they understood the procedure, consistent with guidelines approved by the local Institution Review Board. All participants aged over 18 years consented to take part in the study.
Experimental design
A blocked design was employed with rest (R), experimental (E) and control (C) conditions presented in the following order: R, E, C, E, C, E, C, E, C, R, with each block lasting 30-s in duration. In each experimental and control block, instructions were displayed on the screen for 6 s, followed by the presentation of four trials. Each trial lasted for 6 s. Trials began with a fixation cross presented at the center of the screen for 250 ms. A standard auditory tone was then presented for 750 ms. After a 1,000 ms interval, a second "comparison" auditory tone was presented. In experimental blocks, the duration of the second tone was either 250, 500, 1,000 or 1,250 ms (presented in pseudo-random order within each block). In control blocks, the second tone duration was the same as the first tone duration (i.e., 750 ms). All tones were presented to the subject at a pitch of 1,500 Hz via headphones. On experimental trials, the task of the subject was to determine whether the comparison tone was longer or shorter than the standard tone during the remainder of the trial. If subjects thought the comparison tone was longer than the standard tone, they were instructed to press button 1 with their index finger. If subjects thought the comparison tone was shorter than the standard tone, they were instructed to press button 2 with their middle finger. In control blocks, subjects were instructed to press either button 1 or button 2 after the presentation of the two equal duration tones. Thus, the control blocks were identical to the experimental blocks in almost every respect except that no discrimination was required during control blocks. All subjects had received prior training on the task during a 1-h session conducted in a mock scanner. Total task time was 5 min.
fMRI acquisition
Data were collected at Stanford University Lucas Center (Stanford, CA USA) using a 3.0-T Signa scanner (General Electric, Milwaukee, WI USA) with a prototype head coil and button box. A T2*-weighted gradient echo spiral pulse sequence [9] was used with the following acquisition parameters: volumes=645, TR=2,000 ms, TE=30 ms, flip angle=80°, FOV=200 mm, matrix=64×64, 28 oblique slices, and resolution=3.125×3.125×4.0 mm with a 0.5 mm gap.
Data analysis
Statistical analysis was performed using Statistical Parametric Mapping software (SPM2; Wellcome Department of Cognitive Neurology, London, UK). The first four functional volumes were discarded to establish equilibrium magnetization. After image reconstruction, each subject's data were analyzed for motion, and realigned to the first functional volume. Sessions were then normalized using the mean functional volume resampled to 2×2×2 mm Spatial smoothing was done with a Gaussian filter of 8 mm full-width at half-maximum. Each subject's data was high-pass filtered at 128 s, and analyzed using a fixed-effects model. Group analysis was performed with a random-effects model [7] . One-sample t-tests were conducted between experimental vs control blocks for the FXS and TD groups separately. In addition, a two-sample t-test was conducted by comparing activation in the FXS group and the TD group. Significant clusters of activation in all tests were determined using the joint expected probability distribution with height (p=0.01) and extent thresholds (p=0.05).
Since there were significant differences in age and IQ between the FXS and TD groups, we examined correlations between IQ and age, and brain activation, in order to exclude the possibility that the brain regions we found significantly different between FXS and TD groups were due to these factors. Contrast values at regions of interest (ROIs), defined as all areas that showed a significant difference in brain activation between FXS and TD groups, were extracted and correlated with age and IQ in the FXS group. Further, in order to examine whether activation of these brain regions could potentially covary with development and FMRP level, contrast values extracted from these ROIs were also correlated with developmental age and FMRP level in the FXS group.
SPMs were overlaid onto the SPM2 high-resolution T1 individual template for viewing. Coordinates of activation were converted from MNI to Talairach space using the mni2tal function (http://www.mrc-cbu.cam.ac. uk/Imaging/Common/mnispace.shtml). Brain regions were then identified from these x, y and z coordinates using the Talairach Daemon (Research Imaging Center, University of Texas Health Science Center in San Antonio (RIC UTHSCSA, TX, USA) and confirmed with the Talairach atlas [32] .
Results
In-scanner behavioral data are shown in Fig. 1 
Brain activation during the control task was subtracted from the activation in the experimental task. Figure 2 shows brain activation for the single group analyses, with the group of FXS participants shown in red and the TD group in green. In the TD group, activation was primarily observed in the left lingual gyrus of the occipital lobe (BA 18), as well as in the left inferior parietal cortex (BA 40). Sites that were close to reaching the cut-off threshold were found in the right caudate head and right cerebellum. In the FXS group, activation was seen across a much more widely distributed set of brain regions, including the left precentral gyrus (BA 6), left middle frontal gyrus (BA 6/ 10), bilateral cingulate gyrus (BA 23/32), and bilateral activation in superior temporal gyrus (BA 22/38) which extended superiorly into left inferior parietal cortex, as well as in left cerebellum and bilateral caudate body (see Table 2 ). Thus, activation in the FXS group was more diffuse and distributed over a larger number of regions. Figure 3 shows brain activation following subtraction of the TD group activation from the FXS group activation during the task. After subtraction, greater activation in the Table 3 ). On the other hand, there were no regions that showed significantly greater activation in the TD group compared to FXS.
Since the FXS group was significantly older and had lower IQ's compared to the TD group, we performed confirmatory analyses to exclude the possibility that these factors contributed to brain activation differences observed between FXS and the TD group. If the greater activation observed in the FXS group compared to the TD group is independent of age and IQ, then one might not expect to observe increases in brain activation with older age or lower IQ in the FXS group. As expected, contrast values of significantly activated brain regions showed no significant correlation with age or IQ.
We also speculated that if the regions that showed significantly greater activation in FXS compared to the controls were playing a compensatory role that changed with development, these regions may show increasingly greater brain activation with greater developmental age in FXS. However, only the left pons showed a significant (positive) correlation with mental age in the FXS group (r 2 =0.53, p= 0.03). Further supporting the specific role of these regions and its association with development in FXS, there were no significant correlations between mental age and brain activation in any region in the TD group. Interestingly, performance (percent correct) did correlate with activation in the cerebellum in the TD group (r 2 =0.53, p=0.02), and performance was significantly correlated with activation in middle temporal gyrus in the FXS group (r 2 =0.45, p=0.05). In the FXS group, contrast values of significantly activated regions showed no significant correlation with FMRP level.
Discussion
The main goal of our study was to examine the neural basis of auditory time perception in girls with FXS by comparing them with healthy individuals matched for in-scanner task performance and mental age. We found that several areas including a left-lateralized network of frontal, temporal and cerebellar regions displayed greater activation in the FXS group in comparison to the TD group. This finding could be explained by the possibility that FMRP, the protein product of the FMR1 gene, plays a critical role in the development of brain regions underlying auditory processing. Previous fMRI studies related to temporal processing in healthy controls have reported increased activation in several brain regions. Rao and colleagues [26] reported activation in the basal ganglia, cerebellum, bilateral premotor, right dorsolateral prefrontal cortex, right inferior parietal, right superior temporal and left middle temporal gyrus during a time duration discrimination task similar to the one employed in our study. Nenadic and colleagues [24] found activation in the right dorsolateral and middle prefrontal cortices, as well as left anterior cingulate, bilateral temporal (superior and middle temporal gyri) and bilateral basal ganglia (caudate nucleus and putamen) when subtracting a control task from an auditory timing task. Similarly, Harrington and colleagues [13] asked participants to perform a temporal judgment, but analyzed the beginning of the trial (devoted to encoding) separately from the later portions of the trial (presumably reflecting decision-making and response-planning). During the encoding portion, these researchers observed activation in regions of frontal cortex (bilateral medial frontal, left anterior cingulate, right posterior cingulate, and left superior frontal gyrus), temporal cortex (right parahippocampal gyrus and left superior temporal gyrus), and parietal cortex (bilateral inferior and superior parietal), in addition to activations in right lingual gyrus in occipital cortex, bilateral cerebellum and bilateral caudate nucleus. They found a bilateral, though primarily left-lateralized, group of activations in frontal (superior, middle and inferior frontal gyri), temporal (superior temporal), and parietal (supramarginal gyrus and superior parietal) cortex to be involved specifically in the decisionmaking portion of the trials. In searching for commonalities in the temporal discrimination literature, it should be noted that, while often bilateral, the reported activity is generally right-lateralized during the timing task itself, perhaps indicating a right hemispheric bias for temporal processing.
In the current study, individuals in the TD group demonstrated activation in the left lingual gyrus (BA 18) as well as in the left inferior parietal cortex (in addition to near-threshold activity in the right caudate head and right cerebellum). One reason why we did not observe significant activation in other brain regions that have been implicated in auditory time perception studies (e.g., [26] ) may be due to the simple and relatively easy in-scanner task we adopted. The methods employed by Rao et al. [26] and Harrington et al. [13] involved the use of two sets of brief tone pairs, demarcating two time intervals, which subjects were then asked to compare. In order to study temporal processing in a population of developmentally delayed participants, we designed a task such that FXS and developmental age-matched TD individuals could equally and successfully perform the time discrimination task in the scanner. Because of the relative difficulty of discriminating between four tones (and the two intervals defined by them), we chose to adopt a simpler task involving the discrimination of two tones, with one tone always played for 750 ms to serve as a reference. Participants were asked to determine whether the second tone was played for a longer or shorter period than the reference tone. In our task therefore, the working memory component was quite reduced (two items, as opposed to four) in order to reduce the difficulty and thus ensure participant success. Our behavioral results indicate that the two groups were matched for in-scanner task performance, which allowed us to conduct a proper comparison between the two groups. As a result of making our task easier in order to equate behavioral performance, we may have inadvertently reduced the cognitive load required to perform this relatively simple task, leading to reduced activations in the TD individuals. It seems that a wide set of brain areas was still recruited in the FXS group, perhaps as a result of the relative difficulty they experience in processing auditory stimuli in a complex auditory environment such as an MRI scanner. Indeed, in the group analysis of FXS participants, significant activation occurred in many regions, including left middle frontal and bilateral cingulate gyrus. It is possible that these frontal regions are involved because of an increase in task difficulty for the FXS group relative to the TD group. Previous research has described increased activation in this region during more difficult temporal discrimination tasks and it has been proposed that this occurs as a result of the greater role that working memory plays in more challenging temporal discrimination tasks [13] .
More interestingly, a direct comparison between FXS and the TD group revealed several brain areas with significant activation differences that have been implicated in auditory time perception; however, these areas were localized to contralateral left homologous regions. The most notable findings were regions that showed significantly greater activation in FXS compared to the TD individuals: in the medial frontal gyrus, superior and middle temporal gyrus, cerebellum and pons, with relative activation differences predominantly in the left hemisphere. In comparison, Nenadic and colleagues [24] found activations in right middle and inferior frontal gyrus as well as left anterior cingulate, and bilateral superior and middle temporal, and bilateral basal ganglia during a time discrimination task. Their sites of activation in frontal and temporal cortex are reasonably similar to those in the FXS group, with the notable difference that our FXS participants tend to activate left-rather than right-lateralized regions of frontal cortex.
The left inferior parietal cortex was activated in both of our groups when analyzed separately (in the FXS group it is reported as part of a larger cluster weighted toward the superior temporal gyrus). This region has been implicated in time perception studies [14] , and may be involved in intrahemispheric networks used for timing, though there is also some evidence that its role is in the decision-making process, rather than the timing encoding per se [13] . Interestingly, other studies have implicated right inferior parietal cortex [19] in a time estimation task, as well as in a task requiring determination of a sound's location in azimuth [1, 2] . In addition, Rao and colleagues [26] found the right inferior parietal cortex to be activated during an fMRI study similar to our own and proposed that this region may be responsible for the regulation of pulses generated by an internal clock. Rao also suggests that the inferior parietal cortex may be involved in maintaining attention, as attention-keeping processes are central to the subjective perception of the passage of time. It is not yet clear why our participants recruited left inferior parietal cortex rather than the expected right inferior parietal cortex.
Greater activation was observed in the left cerebellum in FXS, a region that has been suggested to be involved in decision-making processes of temporal discrimination tasks, specifically by optimizing sensory input from auditory nuclei and thus allowing the comparison of different time intervals in one's working memory [26] . An alternative explanation is that the primary function of the cerebellum is to assist in the process of encoding timing intervals [13] . It is important to note that in previous studies, activation has been found in the cerebellar vermis, a region noted for its cognitive functions related to both tactile perception and working memory. It is possible that the cerebellar vermis monitors and adjusts sensory input from the cerebral cortex. Activation differences were also found in the left basal ganglia. Activation in the caudate nucleus and the putamen [24, 26] has been observed at the beginning of trial epochs, thus suggesting that the basal ganglia may participate in encoding time intervals and forming one's representation of time.
Our findings are limited because only a small number of subjects were included in the study, thus severely limiting the generalizability of our results. In addition, four of the girls with FXS were taking antidepressant medication at the time of the study that may have affected the degree to which we found activations in these subjects. Subjects were also matched for developmental age, but not for chronological age, introducing the possibility that younger participants may recruit different neural networks for temporal processing than older subjects as a result of agebased neurodevelopmental differences. Thus, group brain activation may have varied because of the difference in absolute age between our groups of subjects. Our correlation analysis, however, did not support this possibility; there were no significant correlations between age and brain activation in any of the regions that differed between the two groups. Future research should focus on examining temporal processing in FXS in larger groups of chronological and developmental-age matched individuals to control for the development of brain circuitry and its consequent implications for regional activation during temporal processing tasks. In addition, it may be fruitful to investigate other aspects of auditory stimuli such as pitch perception, or the processing of speech sounds. Finally, event-related designs could help us further disentangle the different roles of the brain regions discussed here during temporal processing.
In conclusion, we found that brain activation during a temporal auditory discrimination task in girls with FXS differed significantly from typically developing individuals. Activation in girls with FXS occurred diffusely over several brain regions, while activation in the TD group was seen in localized regions, mainly in the left inferior parietal cortex and left lingual gyrus. While these findings should be considered preliminary due to the small sample sizes, these data support a previous MEG study in which brain activation in response to auditory stimulation was found to be more diffuse and less right-lateralized in patients with FXS than in controls [31] . These findings may indicate that FMRP plays a critical role in the development of brain circuitry involved in auditory temporal processing in FXS. Given that synaptic pruning is impaired in FXS, particularly in occipital and temporal cortex [8] , it seems likely that an overabundance of synapses in these regions could create "noise" in the processing of the auditory signal. Deficits in temporal processing may be responsible for the "cluttered" speech and motor coordination problems shown by individuals with FXS, particularly in males. These individuals could potentially benefit from early training on temporal discrimination tasks. Future studies should look more comprehensively at primary auditory processing in FXS, perhaps using a tonotopic fMRI approach.
